1. Introduction {#sec0005}
===============

In recent years, there has been a lot of news about outbreaks and diseases in the world, which negatively affect human life, including coronavirus, influenza, hepatitis, *Salmonella* and *E. coli* infections \[[@bib0005]\]. Therefore, consumers focused extremely on medical products, and then as a natural consequence, the use of textiles on medical, hygiene, and health care fields has become significantly widespread with new antimicrobials, fibers, and technologies. Medical Textiles Market is strongly growing due to the rising both U.S. healthcare expenditure and demand from the Asia Pacific region under the COVID-19 outbreak. For example, The U.S. healthcare expenditure has increased from around US\$ 1.1 trillion in 2010 to about US\$ 1.8 trillion in 2020. As a result of all these, Medical Textiles Market is estimated to will reach US\$ 16.8 billion by 2024 from US\$ 12.2 billion in 2019, with a growth rate of more than 5% every year \[[@bib0010],[@bib0015]\].

Biocidal functionalization on textiles have also been studied extensively, and many chemicals have been explored and developed for inhibiting the growth of bacteria and preventing infections and diseases in medical applications. Many antimicrobials such as organometallics and metal ions (especially silver ions) \[[@bib0020], [@bib0025], [@bib0030], [@bib0035]\], phenols \[[@bib0040], [@bib0045], [@bib0050], [@bib0055], [@bib0060], [@bib0065]\], biguanides, quaternary ammonium salts \[[@bib0070], [@bib0075], [@bib0080]\], organo-silicones and *N*-halamines \[[@bib0085], [@bib0090], [@bib0095]\] have been used in textile industry for decades. *N*-halamines can have the forms of amine, amide, and imide as a biocidal agent. They offer many advantages and benefits over other biocides, such as they have potent, broad-spectrum, generally non-leaching, rechargeable, relatively inexpensive, and hydrophobic character. Their lethal action occurs with the transfer of the oxidative chlorine to the cell membrane of the microorganisms. Their most distinctive property is that they can be recharged again (by converting N---H bond to N-Cl) by aqueous chlorine exposure when oxidative halogen ion (chlorine, bromine, or iodine) inactivates the microorganisms and then is vanished. They can easily be polymerized on the surfaces, be modified to produce desirable functional groups for attaching to surfaces, be impregnated into polymeric materials, and be incorporated on surfaces, as a biocide \[[@bib0100], [@bib0105], [@bib0110], [@bib0115]\].

For medical textiles, modification and functionalization are also significant to obtain active groups on the surface using textile-wet processes. However, attachments of any chemical and surface treatment to inert polymers such as polyester and polypropylene are complicated and a big challenge due to lack of surface tethering (functional) groups \[[@bib0120],[@bib0125]\]. While there are methods such as spin coating and layer by layer assembly to impart functionality to inert substrates, these methods are not universally applicable as they only provide stable functionality on high surface tension substrates. Therefore, pretreatment is generally required to increase the surface tension of the inert surface or to form reactive groups on the surface. Unfortunately, the formation of functional properties on the surface was proven to be unsuccessful for polyester in conventional textile applications \[[@bib0120],[@bib0130]\]. At the same time, the growth of consumer's demand for innovative technologies and value-added textile materials, Governmental rules, and increasing environmental concerns force the textile industry to develop green technologies \[[@bib0135], [@bib0140], [@bib0145], [@bib0150]\].

Considering all of the above, modification, functionalization, and processing of materials could be easily carried out through supercritical fluids. They offer several specific physical, chemical, and toxicological advantages to reduce the consumption of energy, water (wastewater), chemicals, and also get functional properties on the polymer surfaces \[[@bib0130],[@bib0155],[@bib0160]\]. Since the late 1990s, supercritical fluids related studies have increased exponentially, and carbon dioxide (CO~2~) is the most desirable among them. Besides being non-flammable and non-toxic, due to its cheapness, CO~2~ is widely used as the supercritical fluid. Its critical coordinates are low conditions (T~c~ = 31 °C and P~c~ = 7.38 MPa), and it also becomes gaseous and is spontaneously separated from the processed products when pressure is decreased to 60 bar or less. So, it can be industrialized without high equipment and operating costs \[[@bib0155],[@bib0165],[@bib0170]\]. In a supercritical state, CO~2~ shows low viscosity, high permeation and diffusion abilities like that of gases combined with high density, and has a solvating power similar to liquid solvents. Therefore, CO~2~ in the supercritical state has both high solvating power to chemicals and swelling and plasticizing efficiency to hydrophobic polymers \[[@bib0130],[@bib0175], [@bib0180], [@bib0185], [@bib0190], [@bib0195], [@bib0200], [@bib0205]\]. For example, polyester can be easily functionalized in supercritical CO~2~ (scCO~2~) state. However, medium and small molecular weight compounds (monomers, cross-liners, initiators, etc.) can dissolve and quickly diffuse into polyester in scCO~2~ \[[@bib0165],[@bib0185],[@bib0210]\]. Many functional chemicals such as polysiloxanes, *N*-halamines, and fluoropolymers are soluble in scCO~2~ and served as the anchoring tool to attach functional groups to the surface of the substrate without the need of polymerization since this application does not require reactive sites on substrates, as well \[[@bib0215],[@bib0220]\]. As a result, scCO~2~ is highly suited to textile processes such as pre-treatment, dyeing, and finishing for modification and functionalization of surfaces.

In this study, we focused on the antibacterial functionalization of polyester with *N*-halamine in scCO~2~. Firstly, *N*-(2-methyl-1-(4-methyl-2,5-dioxo-imidazolidin-4 yl)propan-2 yl)acrylamide (HA) was synthesized and polymerized by free radical polymerization, and then their structures were confirmed by NMR and FTIR, respectively. The presence of *N*-halamine on the polyester surface was also investigated by FTIR. The properties of color, mechanical, and durability to abrasion were measured, and also stability, rechargeability, and durability to washings of the antibacterial properties were examined after scCO~2~ treatments.

2. Experimental {#sec0010}
===============

2.1. Materials {#sec0015}
--------------

*N*-(2-methyl-1-(4-methyl-2,5-dioxo-imidazolidin-4 yl)propan-2-yl)acrylamide (hydantoin acrylamide, HA) was synthesized by using *N*-(1,1-Dimethyl-3-oxobutyl)acrylamide (DA, Aldrich), ammonium carbonate (AC, Sigma-Aldrich), potassium cyanide (KCN, Merck) and potassium persulfate (PPS, Acros) as an initiator for polymerizing HA. The woven polyethylene terephthalate (PET) fabric (120 g/m^2^, T~g~ = 75.8 °C, T~m~ = 256.3 °C, ΔH~m~ (J/g) 50.8, 72.34 % crystallinity) as polyester was used for this study. The contaminants on the fabric were removed by washing it in a domestic laundry machine at 60 °C for 30 min by using a standard detergent. For antibacterial tests, Tryptic soy broth (TSB), Nutrient Broth (NB), and Nutrient Agar (NA) for supporting growth and cultivation of bacteria were supplied by Becton Dickinson. For preparing a buffer solution, NaH~2~PO~4~.2H~2~O (sodium dihydrogen phosphate) and Na~2~HPO~4~.12H~2~O (disodium hydrogen phosphate dodecahydrate) were purchased from Sigma Aldrich. *Escherichia coli* (*E. coli* ATCC 25922) was only used as test strains according to ASTM E2149 because Gram-negative bacteria are usually more resistant than Gram- positive. The 99.5 % purity CO~2~ used in all experiments was purchased from AGA Industrial gases (Lidingo, Sweden).

2.2. Synthesis of hydantoin acrylamide {#sec0020}
--------------------------------------

HA was synthesized according to the procedure described in Kocer et al. \[[@bib0225]\]. The synthesis and polymerization reactions of HA were given in [Fig. 1](#fig0005){ref-type="fig"} . 100 mmol DA, 200 mmol KCN, and 600 mmol AC were reacted in water/ethanol mixture (1:1 by volume) at room temperature for one week. After evaporation of ethanol, the products were isolated by treating with dilute HCl and filtrated. Then, homopolymer of HA (HP) was polymerized by free radical polymerization. The HA (8.4 mmol) was dissolved in water with 0.004 g of PPS. By nitrogen bubbling for 15 min dissolved oxygen was removed and the reaction was continued under nitrogen atmosphere by stirring at 75 °C for 5 h. The obtained polymer was filtered as white powder form. Its structure was confirmed by NMR and FTIR spectroscopies. ^1^H NMR (DMSO-d~6~, 400 MHz) δ 1.23 (3 H), 1.25 (3 H), 1.29 (3 H), 2.15 (2 H), 5.49 (1 H), 6.01 (1 H), 6.22 (1 H), 7.58 (1 H), 7.81 (1 H), 10.58 (1 H) ppm. FTIR 3353, 3216, 3203, 3076, 2977, 1764, 1720, 1710, 1665, 1651, 1532, 1254, 765, 636, 608 cm^−1^.Fig. 1Synthesis of hydantoin acrylamide (HA) and its polymer (HP).Fig. 1

2.3. scCO~2~ treatment {#sec0025}
----------------------

The schematic description of the apparatus used for scCO~2~ applications was described in [Fig. 2](#fig0010){ref-type="fig"} \[[@bib0175]\]. This apparatus was equipped with motor, temperature and time controllers, heating and cooling systems, a rotary pattern where the vessels are mounted, and a high-temperature oil bath. The vessels are stainless steel cylinders (internal volume = 290 mL, P~max~ = 30 MPa, and T~max~ = 130 °C) and equipped with closure with Teflon seal, safety valve, and needle valve used to fill and vent the CO~2~. The PET sample (16 × 24 cm, ca. 10 g) was wrapped around a stainless-steel perforated beam, and 5 % of HA homopolymer (HP) (owing to fabric weight, ca 0.5 g) was placed at the bottom of the vessel which was then filled with CO~2~ up to predetermined temperature and pressure during durations from 1 to 24 h. For easy filling of CO~2~, the vessels were cooled in a separate freezer for 15 min. Then, the vessels were mounted on the pattern rotating inside the oil bath. The experiments have been done considering poor solubility, and it was decided to accomplish at different durations; 1, 3, 6, 12, and 24 h, while keeping pressure and temperature constant (at 120 °C, 25 MPa). After treatments, samples were removed from vessels, rinsed with acetone to remove loosely attached polymers on the surface, and dried at ambient temperature.Fig. 2Schematic of apparatus; (1) Freezer, (2) CO~2~ gas tank, (3) Vessel, (4) Control board, (5) Vessels mounted on the shaft, (6), Rotating pattern, (7) Oil bath.Fig. 2

2.4. Chlorination treatment {#sec0030}
---------------------------

Chlorination was applied after scCO~2~ treatments for activating *N*-halamines with halogen ions. For chlorination, 10 % aqueous solution at pH 7 was prepared from household bleach (6 % sodium hypochlorite). After samples were chlorinated for 1 h, the unbonded chlorine on samples was removed by washing with water, and by drying at 45 °C for 1 h. The chlorination mechanism was provided in [Fig. 3](#fig0015){ref-type="fig"} .Fig. 3Chlorination of hydantoin acrylamide (HP).Fig. 3

2.5. Characterizations {#sec0035}
----------------------

^1^H (400 MHz) NMR spectra were recorded with 16 scans on a Bruker spectrometer equipped with SampleXPress autosampler, using the Bruker TopSpin 2.1 software. The sample was prepared by dissolving 5 mg of monomer in 1 mL deuterated dimethyl sulfoxide (DMSO-*d~6~*). The spectra were collected at ambient temperature at 30 °C and chemical shift values were given in parts per million (ppm).

FTIR spectrum was obtained using Thermo Nicolet iS50 FTIR spectrometer attenuated total reflectance (ATR) accessory to characterize monomer, polymers, and fabrics. While recording spectra, 32 scans were made at 2 cm^−1^ spectral resolution, and scanning range was from 400 to 4000 cm^−1^.

Color values were determined using Datacolour CHECK II Plus spectrophotometer, and the measurements were taken according to AATCC Test Method 173. The samples were folded twice and measurement was conducted in reflectance mode under the condition of D65 illuminantand 10° standard observer. The averages of four measurements were reported as color values (L\*, a\*,b\*) and color difference (ΔE).

The samples were conditioned for 24 h at 20 ± 2 °C and 65 ± 4% RH before tensile tests, and then they were subjected to tensile testing only in accordance with the warp direction, using ISO 13934-1 test method on Instron test machine. Briefly, the strips in 25 × 150 mm size were tested using a 50 kN of the load cell with 100 mm of the gauge length, and 10 cm/min of speed, at room temperature. The mean value and standard deviation (SD) were calculated using SPSS.V25 software and the averages of three measurements were reported as breaking strength (MPa) and breaking extension (%).

The determination of loaded chlorine on the surfaces was made with iodometric/thiosulfate titration \[[@bib0230]\]. The ethanol with 0.1 N acetic acid (90/10; v/v) was prepared and 0.25 g potassium iodide was dissolved in this solution, then the samples were added to the final solution. Titration was made with 0.005 N sodium thiosulfate solution until the color of the solution is yellow to clear. The weight percent of loaded chlorine (*Cl^+^%*) on samples were calculated according to Eq. [1](#sec0005){ref-type="sec"} given below:$$\text{Cl}^{+}\text{(\%) =}\left\lbrack \frac{\,\text{N}\text{ x }\text{V}\text{ x 35.45}^{}}{\text{2 x }\text{W}_{}} \right\rbrack\text{x 100}$$where V and N are the volume (L) and concentration (mol/L) and of titrant sodium thiosulfate, respectively, and W is the weight percentage of the sample (g). The mean values and standard deviations of five measurements were reported as the loaded chlorine.

The durability of scCO~2~ treatments against abrasion was measured for 9000 cycles, according to ASTM D4966 (Martindale Abrasion Tester Method). An untreated PET swatch was used as an abrasive material. The determination of loaded chlorine remaining on the surface (*Cl^+^%*) was made with iodometric/thiosulfate titration again.

Antibacterial activity of samples were evaluated against *E. coli* according to ASTM 2149. The bacterial culture concentration of about 10^5^ CFU/mL was applied to samples (1 g) for testing. Samples were placed in 50 mL bacterial suspension and were shaken for different contact times; 10, 20, and 30 min. Then, solutions were spread onto Muller-Hilton II agar media, and plates were incubated for 24 h at 37 °C. The viable colonies were counted (in CFU/mL), and the bacterial reduction was determined. Reduction rate (R%) of bacteria was calculated using the formula (Eq. 2):$$R\text{(\%) =}\left\lbrack \frac{\text{ B-A}^{}}{\text{B}_{}} \right\rbrack\text{x 100}$$where A is the number of bacteria recovered from inoculated treated test sample in jar incubated for 24 h, and B is the number of bacteria recovered from inoculated treated test sample at '0' contact time.

AATCC Test Method 61 was used to evaluate the stability, rechargeability, and durability of HA on the PET surface against repeated washing cycles. Repeated laundry washes were carried out inside stainless steel canisters, which contain 50 stainless steel balls and 150 mL of 0.15 % AATCC detergent water solution. A washing cycle corresponding to five machine washes (mw) was applied by rotating canisters at 42 rpm and 49 °C for 45 min. After washings, samples were rinsed with distilled water and then dried at ambient temperature. Chlorine loadings on a sample before and after washing cycles were determined by the titration procedure mentioned above. To evaluate the durability of biocidal function and rechargeability of chlorine, samples were titrated immediately before and then after rechlorination. All characterization measurements were repeated three times, and the arithmetic mean and standard deviation were calculated for each variable.

3. Results and discussion {#sec0040}
=========================

3.1. Characterization of hydantoin acrylamide {#sec0045}
---------------------------------------------

The hydantoin ring configuration of HA monomer was obtained by Bucherer-Bergs reaction and polymerized according to the procedure described in Kocer et al. \[[@bib0225]\]. ^1^H NMR spectrum of HA monomer was given in [Fig. 4](#fig0020){ref-type="fig"} . There were additional signals which could be assigned to forming hydantoin ring, methyl group (a) at 1.23 ppm, methylene group (b) at 2.15 ppm, amide (c) at 7.58 ppm, and imide (d) at 10.58 ppm, respectively. NMR signals were in complete accord with that of literature \[[@bib0235], [@bib0240], [@bib0245]\].Fig. 4NMR spectrum of HA monomer (solvent: DMSO-*d~6~*).Fig. 4

FTIR spectrum of the synthesized HA polymer (HP) was shown in [Fig. 5](#fig0025){ref-type="fig"} . The absence of the band at 1630 cm^−1^ coming from the vinyl bond stretching and the broad bands in the spectrum indicated the formation of polymerization. The bands at 3216, 1764, and 1710 cm^−1^ have confirmed the presence of the hydantoin ring in the polymer structure. These bands were corresponding to N---H, amide, and imide carbonyl stretching on the hydantoin ring, respectively \[[@bib0250],[@bib0255]\].Fig. 5FTIR spectrum of (A) synthesized HA polymer (HP), (B) Untreated PET, (C) HA treated PET in scCO~2~ for 6 h.Fig. 5

3.2. FTIR analysis after scCO~2~ treatment with hydantoin acrylamide {#sec0050}
--------------------------------------------------------------------

Surface characterization of before and after scCO~2~ treatment was performed by FTIR to determine the chemical changes and confirm the presence of treatment on the PET. It was first observed the most obvious HA presence in the surface for 6 h, comparing 1 and 3 h, and therefore, this spectrum was provided in [Fig. 5](#fig0025){ref-type="fig"} with spectra of HA polymer and untreated PET fabric together. As seen in Figure, the HA treated PET gave a broad band at 1711 cm^−1^ formed by the overlapping of the imide carbonyl groups of hydantoin ring (at 1710 cm^−1^) and ester carbonyl of PET (at 1713 cm^−1^). On the other hand, the presence of the N---H stretching (at 3276 cm^−1^) and amide carbonyl stretching (at 1763 cm^−1^) of the hydantoin ring of HA in modified PET (spectrum C) demonstrated that HA polymer has been successfully incorporated on PET structure. This confirmed the presence of HA polymer on PET surface \[[@bib0190]\].

3.3. Color evaluation {#sec0055}
---------------------

For textile materials, color values and color change are one of the most important fabric quality characteristics, and it is a significant aspect to take into consideration after any surface treatments. The color values were measured after scCO~2~ treatments with and without HA, and the results were presented in [Table 1](#tbl0005){ref-type="table"} . The sample had negligible color values (95.05, −0.20, 1.46, 0.94, and 90.07) after scCO~2~ treatments without HA for 6 h. Increasing processing time from 1 to 6 h caused a gradual change in fabric color from white to yellow (b\* values and Stensby Whiteness Index), increased color difference (ΔE) values, and changed the shades of fabric colors. PET-HA treatments had a lower L\* value with enhanced a\* and b\* values in comparison to untreated PET. These changes in color values might be explained by interpenetrating the HA on the surface \[[@bib0190],[@bib0260]\]. The improvement in color values of PET-HA-Cl (96.04, −0.21, 0.99, 0.38, and 92.44) was from the effect of chlorine after chlorination. It is well known that halogens could lead to color changes \[[@bib0265]\].Table 1Color indices of fabrics treated in scCO~2~.Table 1Sample NameL\*a\*b\*ΔEStensby Whiteness IndexUntreated PET95.98−0.231.36--91.21PET (6 h)95.05−0.201.460.9490.07PET-HA (1 h)94.91−0.211.441.0789.96PET-HA (3 h)94.42−0.171.521.5789.35PET-HA (6 h)93.26−0.101.882.7787.32PET-HA (6 h)-Cl96.04−0.210.990.3892.44[^1]

3.4. Tensile strength {#sec0060}
---------------------

Fabrics were subjected to tensile testing with the warp directions, and test results were displayed in [Fig. 6](#fig0030){ref-type="fig"} . No significant change in tensile properties (32.05 MPa and −6.31 %) was obtained since the processes were not so severe after scCO~2~ treatments without HA for 6 h. Breaking strengths of PET-HA treatments decreased in an acceptable range, 30.65, 29.50, and 28.83 MPa (from −10.41 % to −15.73 %), respectively, while the breaking elongations were slightly increased with an increase in processing times. This reduction in breaking strengths might be explained by the fact that HA acted as a bonding agent on the surface and then led to an increase of intramolecular crosslinking in the fibers, ultimately affecting the overall structure of the surface \[[@bib0270],[@bib0275]\]. The breaking strength of PET-HA-Cl was 25.65 MPa; this corresponds to −10.96 and −24,96 % of change after chlorination, comparing untreated PET and HA for 6 h. The chlorination treatment caused a reasonable and tolerable loss in breaking strength, and the reduction of up to 30 % after treatments is acceptable in practical textile applications for PET surfaces \[[@bib0280], [@bib0285], [@bib0290]\]. Moreover, it was reported volume expansion values between 1.8 % and 2.4 % for PET at 40−50 °C and pressure between 10 and 30 MPa, respectively \[[@bib0295]\]. It was also recently investigated that the CO~2~ sorption and polymer swelling of PET under high-pressure CO~2~ (2−15 MPa) at 40 °C. It was found that both sorption and swelling increase with pressure, and that higher values are reached when specific CO~2~/polymer interactions can occur and when the mobility of the polymeric chains is higher (or the crystallinity is lower) \[[@bib0300]\]. As a result, the swelling and CO~2~/polymer interactions are both enhanced by increasing CO~2~ density (via pressure increase or temperature decrease). In turn, density improves solute loading, by polymer plasticization and increase of internal diffusion coefficients \[[@bib0300]\] swelling). As a general conclusion of these works, the processing conditions can be optimized by getting change the temperature and/or time to reduce this loss further because the running with accurate processing time and temperature is critical knowledge for not getting worse the mechanical properties of PET. These results suggested that scCO~2~ treatments did not affect the mechanical properties of PET fabrics dramatically and exhibited satisfactory results.Fig. 6Breaking strengths of fabrics treated in scCO~2~.Fig. 6

3.5. Chlorine loading and antibacterial property {#sec0065}
------------------------------------------------

For scCO~2~ studies, the treatments with 5 % HA were carried out at 120 °C, 25 MPa for different processing times considering chemical solubility in scCO~2~. The increases of 1.6, 1.8, and 1.9 % on fabric weights were observed in [Fig. 7](#fig0035){ref-type="fig"} , considering 6, 12, and 24 h processing times. However, hydantoin acrylamide on the surface must be activated by any aqueous treatment using halogen ions (converting the N---H bond to N-Cl). After chlorination treatment, the presence of oxidative chlorine (*Cl^+^*) bonded to HA on the PET was measured by analytical titration of treated samples, and chlorine loadings (*Cl^+^%*) concerning process time were shown in [Fig. 7](#fig0035){ref-type="fig"}. Although the chlorine loading is relatively low comparing previously described studies \[[@bib0190],[@bib0255],[@bib0305],[@bib0310]\], the treated PET samples provided fast inactivation against *E. coli* as shown in the antibacterial tests ([Fig. 8](#fig0040){ref-type="fig"} ) and the effects of these treatments were not surprising. Earlier works have reported that with a chlorine loading of 0.04 % would be sufficient for getting antibacterial activity \[[@bib0305],[@bib0315]\], hence, PET-HA (6 h), PET-HA (12 h), and PET-HA (24 h) samples would still provide antibacterial efficacy. As seen in Fig., in our study the critical time is determined to be 6 h since when the application duration was increased from 3 h to 6 h, chlorine loading was an approximately 20-fold increase, and the chlorine loading exceeds the critical value in literature, whereas the increase of duration after 6 h did not cause a significant increase on chlorine loading.Fig. 7Chlorine loadings (*Cl^+^%*) of fabrics treated in scCO~2~.Fig. 7Fig. 8Antibacterial activities of fabrics treated in scCO~2~ against *E. coli*^a^.**Note:** The concentration of bacteria was adjusted to 3.55 × 10^5^ (log 5.55) CFU\*/mL for each sample.\* CFU: Colony forming units.The value of (−) 100 % indicates that all the bacteria on the surface were killed.Fig. 8

The antibacterial activities of chlorinated samples were tested against *E. coli*, at 3.55 × 10^5^ CFU/mL (log 5.55), for various contact times, according to ASTM 2149. The PET-HA (1 h) and PET-HA (3 h) samples notably exhibited a limited degree of bacterial reduction after 30 min of contact time, which provided only about 0.19 and 0.27 log reductions, respectively, in [Fig. 8](#fig0040){ref-type="fig"}. It can be concluded from these results that the untreated, PET-HA (1 h), and PET-HA (3 h) did not show inactivation after 30 min (even at the end of the 1 day). PET-HA (6 h) sample with chlorine loadings (*Cl^+^%*) of 0.26 % showed rapid inactivation and superior antimicrobial efficacy. They also provided a complete 5.55 log inactivation against *E. coli* within even a contact time of 10 min, which indicates that all the bacteria were killed. As a result, HA could be effective antimicrobial compounds using in scCO~2~ treatments for at least 6 h.

3.6. Stability, rechargeability, and durability to washes {#sec0070}
---------------------------------------------------------

The stability and rechargeability of oxidative chlorine (*Cl^+^*), and the durability of HA compound on the PET surface are essential against washes because of the chlorine stability of N-Cl bond and antibacterial property. The tests were applied to PET-HA (6 h) samples, and the treatments were performed on chlorinated samples before washes (A), chlorinated before washes and rechlorinated after washes (B), and unchlorinated before washes, but chlorinated after washes (C), as presented in [Fig. 9](#fig0045){ref-type="fig"} . The chlorinated PET samples (A) lost the most of their first chlorine loadings quickly with increasing washes, and the chlorine content decreased from 0.25 to 0.05 % after only 10 washes (MW). This phenomenon is based on N-Cl bond dissociation. Hydrolysis of the N-Cl bond (bond dissociation) resulted in a total loss of chlorine (0.0 %) after 50 washes. It is certainly not linked to the dissociation of tethering groups from PET surface because the rechlorination of PET provided chlorine loadings (B and C) at about their first values (0.20 % and 0.23 %). The chlorine loading of 0.08 % was recharged after 50 washes by the rechlorination. The rechargeability of lost chlorine was excellent and acceptable since the loading of chlorine is still higher than the threshold concentration of 0.04 % for getting antibacterial activity after 50 washes. \[[@bib0305],[@bib0315],[@bib0320]\] The chlorinated samples after washes (C) are also resistant to washes, and 0.18 % of the chlorine was restored after 50 washings. B (rechargability) are worse (lower %Cl- after 10, 20, 50 washing cycles) than those for C (durability). So, polymers might easily lose their chlorine bonded to the surface with weak bonds. The durability of HA on the PET was strong during washes. Consequently, scCO~2~ treatment with HA exhibited satisfactory stability and durability to washes, and the rechargeability of lost active chlorines was acceptable. The antibacterial results given in [Fig. 10](#fig0050){ref-type="fig"} have also confirmed the durability of *N*-halamine compound on the PET in scCO~2~ treatments for 6 h.Fig. 9Washing stability of HA treated PET in scCO~2~ for 6 h.Fig. 9Fig. 10Antibacterial activities of HA treated PET in scCO~2~ for 6 h against *E. coli*^a^.Fig. 10

3.7. Durability to abrasion {#sec0075}
---------------------------

The durability of treatments against abrasion was tested, and the remained chlorine on the surface was determined by titration after defined abrasion cycles. The results were shown in [Fig. 11](#fig0055){ref-type="fig"} . The samples had similar values. The chlorine loadings (*Cl^+^%*) of PET-HA (6 h) decreased from 0.26 to 0.06 as the abrading cycle increased, and about 23 % of chlorine remained on the surface after the 9000 cycles. This indicated that the polymer was still standing on the surface. Hence, the durability of the treatments against the repeated friction could consider good since they had higher values than the critical value (0.04 %) in literature \[[@bib0195],[@bib0325]\].Fig. 11Durability to abrasion of fabrics treated in scCO~2~.Fig. 11

4. Conclusions {#sec0080}
==============

The functionalization of polyester is more challenging than cotton and other related fibers because of the lack of functional groups within the molecular structure. This study investigated the antibacterial functionalization of polyester fabrics with *N*-halamine in scCO~2~ medium for different processing times. Therefore, HA was synthesized and then was interpenetrated on the PET surface in scCO~2~. The measurements and characterizations showed that the presence of HA on PET surface was confirmed by FTIR analysis, and 6 h of exposure time was critical to obtain antibacterial activity against *E. coli* considering chlorine loadings. The durability to abrasion, stability, and rechargeability of oxidative chlorine (*Cl^+^*) and the durability of *N*-halamine on the surface were superior against repeated washings, although scCO~2~ treatments caused a reasonable and tolerable loss in color and mechanical properties. This study points out the new application for sustainable fabrication of biocidal polyester using *N*-halamine by resource-efficient and eco-friendly scCO~2~ technique. The scCO~2~ technology can create a new opportunity to focus on nonreactive polymers such as polyester for getting surface functionalization and modification, which would help reduce the cost of production and the environmental pollution with textile finishings.
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[^1]: L: Lightness indicates, a: Red/green coordinate, b: Yellow/blue coordinate, ΔE: Total color difference.
